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Summary. Long-term potentiation (LTP) is a long- 
lasting form of synaptic plasticity induced by brief 
repetitive afferent stimulation that is thought to be 
associated with learning and memory. It is most 
commonly studied in the hippocampus where it may last 
for several weeks, and involves the synthesis of new 
proteins that might play a structural role. In this review 
we summarize the evidence in favor of modifications of 
neuronal architecture during LTP. We focus our attention 
on changes occurring at the level of single synapses, 
including components of postsynaptic dendrites 
(dendritic spines, the postsynaptic density, and synaptic 
curvature), of presynaptic terminals, and the formation 
of new synapses. We conclude that although many 
morphological changes at various sites have been 
observed during LTP, there is no definitive proof in favor 
of structural changes associated with LTP. However, 
morphological modifications remain a valid candidate 
for mechanisms of learning and memory. 
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Introduction 
Plastic changes in the strength of synaptic connec- 
tions are believed to be fundamental to information 
processing in the nervous system. Long-term poten- 
tiation (LTP), an increase in the efficacy of synaptic 
transmission following brief repetitive presynaptic 
stimulation, has become the dominant model of activity- 
dependent synaptic plasticity in the brain and a leading 
candidate to play a role in the formation and storage of 
memory. 
LTP was first described in the hippocampus (Lomo, 
1966; Bliss and Lamo, 1973) and it has since been found 
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in other regions of the brain. It has been most 
extensively studied at the Schaffer collaterals, axons of 
CA3 cells that form synaptic contacts on the apical 
dendrites of CA1 pyramidal neurons. It is induced at 
these synapses by a local postsynaptic increase in the 
levels of ca2+, triggered by the activation of glutamate 
receptors of the N-methyl-D-aspartate (NMDA) subtype 
(Lynch et al., 1983; Bliss and Collingridge, 1993). This 
transient elevation of calcium is converted into an 
enduring increase in the efficacy of synaptic trans- 
mission by the activation of a series of enzymes, 
particularly protein kinases. The phosphorylation 
reactions catalyzed by these molecules affect critical 
synaptic proteins, most of which remain unidentified, 
that are the presumptive effectors of the plastic change 
(for a review see Bailey et al., 1996). 
There has been a great deal of controversy about the 
site of expression of LTP. Some studies support the idea 
that LTP involves changes in the properties of the 
postsynaptic spine such as modifications in the number 
or in the affinity of the receptors for glutamate (Isaac et 
al., 1996; Malenka and Nicoll, 1997). Others contend 
that the presynaptic terminal is the site where the long- 
lasting changes take place. Specifically, the increase in 
ca2+ in the postsynaptic terminal is thought to produce 
LTP by triggering the synthesis of nitric oxide (Bohme et 
al., 1991; O'Dell et al., 1991; Schuman and Madison, 
1991; Arancio et al., 1996), a soluble gas that is 
proposed to diffuse back to the presynaptic terminal and 
activate guanylyl-cyclase (Haley et al., 1992; Zhuo et al., 
1994; Arancio et al., 1995) and cGMP-dependent protein 
kinases (Zhuo et al., 1994; Arancio et al., 1997), and 
after a series of hitherto unidentified presynaptic 
modifications, cause an activity-dependent increase in 
transmitter release (Hawkins, 1996). 
These mechanistic differences notwithstanding, both 
models of LTP expression share the same molecular 
logic. They explain the change in synaptic efficacy by 
reducing it to the occurrence of covalent modifications 
of preexisting synaptic proteins. However, LTP is not a 
unitary process. Its prolonged duration has made it 
possible to fractionate it into at least two separate stages: 
an early phase that is solely dependent on those covalent 







